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Of the several types of construction , bonded alum i num honeycomb panel s suf-
fer by far the highest rate of damage. Delamination caused by internal
corrosion is the most prevalent type of failure wi th these components , and
the probl em is chronic in areas of some a i rcraft. Dents and punctures are
other frequently occurring modes of damage with aluminum honeycomb construc-
tion. Areas subject to heavy foot traffic and tool drops are particularly
vuln erable, as are areas subject to other types of impact such as cargo corn-
partnient bul kheads, protruding fuel pods and panels enclosing fueling ports.

Nomex/fibergiass construction is used in only a few appl ications and appears
to hold up well in service. Only minor handling damage Is reported. Fiber-
glass components also do wel l in service general ly. The major problems
occur when light structures are pl aced in areas where they can be stepped
on and broken. Chafing of fiberglass against aluminum or other fiberglass
is also a frequently reported problem . Minor handling damage and some fas-
tener damage are the ot her types of reported problems wi th f iberg lass com-
ponents .

77



RELIABILITY FACTORS IN COMPOSITE STRUCTURES DESIGN

INHERENT RELIABILITY

The inherent modes of failure for aircraft structures are those arising
from normal operat ions in the Dlanned environment. For a military air-
craft , which may be required to operate anywhere in the worl d , this encom-
passes a wide range of operating and environmental stresses. The aircraft
structure will be designed to withstand the spectrum of flight and landing
loads includ ing high g—level maneuvers and hard landings. It will also be
made survivable to combat damage and crash loads. Airframe fatigue lives
are typically much in excess of the planned operating life of the aircraft ,
as witnessed by the many aircraft that are still operating well beyond their
originall y specified lives. With respect to environment , airframes are
typically designed and qualified via structura l and material testing to
withstand extreme ranges of operation. This applies to both natural and
induced environments , and in cludes factors such as temperature , moisture
and salt atmos phere .

For composite structures , two modes of inherent failure might be antici —
pated : cracks and delamination , occurrin g either as the result of fatigue
or from inci pient flaws in material s or construction. Both of these modes
should occur randomly and very infrequently. (Repetitive failures of this
type in any one area of the fuselage would be indicative of a problem re-
quiring design action.) Primarily, then , the reliability of composite
structures will be a function of the rate of externally caused damage .

ENVIRONMENTAL HAZARDS

Figure 28 shows the signif icant environmental hazards to which composite
structures may be exposed in service . Three types of environment are
considered : (1) weather and climate , (2) operations and maintenance , and
(3) combat . Each of the environmental hazards is related to the aircraft
states and modes of operation in whi ch it is most frequently encountered .

Hazards of the natura l environment , those related to weather and climate ,
are relatively predictable and can be substantially neutralized through
the selec tion of materials and the applic ation of design allowables. Thus ,
if a composite material is known to be moisture-absorbing, and mo isture
content is known to have a degrading effect on strength or stiffness , the
structure will be designed for the worst—case situation (maximum amount of
absorbed moisture), particularly if it will be placed in a wet or humid
environment. The same is true for the effects o~ solar radiat ion , extreme
temperature , etc . It is of course impractical to design for every extreme
of environment , and a structure exposed to baseball -sized hailstones or
hurricane velocity winds could be expected to suffer damage . Conditions
such as these are so rare that they can be dismissed in a general assess-
ment of reliability , however.

This leaves as the only si gnificant contributors to operational reliabil ity
hazards ir~Iuc ed via operations , maintenance and combat. In this category
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Aircraft State/Fli ght Mode 

Inact ive

/ 

Environmental Hazard

Weat her/Climate 
I

Solar Radiation X
Extreme Temperature I -
Humidi .ty/Moisture j x x
R a i n  X X x
Snow -
Ice X I

Ha i l X
Li ghtning - X X
~ind 

- 

X X X Note 1 

Opera t ions / Ha intenance  -

Thermal Cycling/Shock K X X
- ircraft fluids .~ -

V i brat i on X K X I
Ai rborne Partlcles/F.0 .D . K K
Foot Traffic  K
Dropped Tool /Parts X
Dropped/Shifting Cargo K K K
~cor Slanini ng K K

~o~ gh Handl ing X X- I Note 2
Bir d Strikes I K
i~~täCt ~ ‘t ~ Terrain Ob jects K K

~ork Star~ s/~ r-~.~rd ven i cl es  X K -~ K K

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
Ballist ic Impacts - x - X

I — _ _ _ _ _ _ _ _ _

Note 1: Adequatel y control led v ia Note 2: Si gnificant environmental

mater ials selection and design hazards
allowa bl es

Figure 28. Environmental Hzizards Related to the Aircraft
States and Flight Modes in Which They are Most
Frequently Encountered
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also some hazards can be controlle d effec tively by design ; thermal cycling
and ex posure to aircraft flu id s are two of these . Know ing before hand that
materials will be placed in an engine compartment or hydraulics bay allows
the designer to compensate for the degradation in properties that these
environments may produce .

IMPACT DAMAGE

I t is concluded from the foregoing and from the surveys of service exper-
ience reported on earlier , that from the standpoint of reliability in
serv i ce , the significant concern in the design of composite structures for
hel i cop ters w ill be dama ge cause d by impact . The assum pti on applies of
course to composite structures at a mature stage 0f development. The fi -st
of the structures to be introduced to service may have some inherent
deficiencies that surface in the form of early reliability problems .

The view that the reliability of composite st1-~ctures will be ~a function of exposure to impact is consiste . wit~ t~e fir~ i q s  0f the
serv i ce ex perience study. The surv eys of Army depots ~isc~o~~d that v~iththe exception of corrosion of aluminum honeycomb , a ,~ ost all of the damage
to these kinds of struc~~res ~ccurs as a result of some type of impact.And the A i r Force study of aavanced composite structures is also concen-
trating entirely oil impact damage (Reference 5).

Figures 2~ through 32 illustrate areas of th helicopter airframe that are
parti .~darly vulnerable to various types of impact damage as determined
by t~ e service experience surveys . Later in this report it will be shown
how this information is used to assess the potential reliability of ad-
vanced composite struct :res concepts .

Types and Degrees of Impac t Dama ge

Fhe damage sustained by a structure subjected to impact involves a large
number of variab ’es , including:

Impacting Object

Shape (blunt or sharp)

In~~dence of impact (direct , glancing, etc .)

Location of impact* (center/edge)

Impact energy

*Deflection at center of panel produces less damage at
a given energy level .
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Design of the Structure

Type of material (properties of fi bers/ matrix)

Material form (unidirectional/woven)

Type of construction (monolithic/sandwich)

Material thickness

Ply orientat ion

Edge restraint

Presence of doublers , stiffeners , etc .

All of these variables will affect the type of damage sustained by a
composite structure subjected to a single impact. The damage itsel f is
a variable possessing certain characteristics , namely:

Type (dent , crack , puncture , etc.)

Size (area, depth)

Criticality (negligible, repairable , etc.)

Location (surface/subsurface)

When all of these variables are considered together , it is clear that a
given composite structure has the potential of being damaged in a great
many different ways. The reliability of the structure will depend not
only on the types of damage it receives but also on the frequency of
damage. This introduces another set of variables involving the mission
of the a i rcraft , the environment in which it operates and the quality of
maintenance it receives .

MATER IAL AND DESIGN FACTORS
Material Factors

Each material possesses mechanical properties which ma ke it more or less
vulnerable to various types of damage. High interlaminar shear strength
reduces a material ’ s susceptibility to delamination . High compression
strength provides protection against crushing. Other properties affect
the resistance of the material to other types of damage.



Table 33 lists some of the principal mechanical properties of composites
and alum inum. The table was assembled by Sikorsky ’ s Structures and
Materials Branch from published sources (References 6 through 14) and
from data develo ped through in-house test programs .

With two exceptions the composite properties are based on a particular
lamina te configuration and thickness ,one that might be used for an air-
cra ft skin . It is important to note that other configurations and thick-
nesses would substantially alter many of these properties .

6 ADVANCED COMPOSITES DESIGN GUIDE , VOLUME IV , MATERIALS , Third Ed i tion ,
Advance d Development Div i sion , A ir Force Materials Laboratory , Wri ght-
Patterson Air Force Base , Ohio , January 1973.

KEVLAR 49 DATA MANUAL , E . I. DuPont DeNemours and Company , Wilmington ,
Delaware .

8 MIL-HDBK-5B , METALLIC MATERIALS AND ELEMENTS FOR AEROSPAC E V E H I C L E
STRUCTURES , Department of Defense , September 197 1.

SCOT CHPLY PRODUCT INFORMATION , SP— 114, Industrial Special ities Division ,
3M Company , St. Paul , Minnesota .

10 FLIGHTWORTH Y GRAPHITE FIBER REINFORCED COMPOSITES , VOLUME 3 , Northro p
Corporation , Report Number AFML-TR-70-2O7, U.S . Air Force Materials
Laboratory , Wri ght-Patterson Air Force Base , Ohio , October 1970.

Flonc , N., CHARACTERIZATION OF BORON , GRAPHITE AND GLASS FILAMENT/
ORGANIC MATRIX COMPOSITE MATERIALS , Sikors ky Report Number SER-50644,
Sikorsky Aircraft Division , Stratford , Connect icut , January 1970 .

12 SIKORSKY STRUCTURES MANUAL , Sikorsky Ai rcraft Division , Stratford ,
Connecticut.

13 MATERIAL PROPERTIES OF HEXCEL HONEYCOMB MATERIALS , TSB 120 , Hexcel
Corporation , Dublin , Cal i forn i a , 1975 .

14 t4IL-HDBK -17A , PL A ST I CS FOR AEROSP A CE V E H I C L E S , PA RT 1 , R E I N F O R C E D
PLASTICS , January 1971.
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TABLE 33. PR OPERTIES OF COMPOSITES AND ALUMINUM

___________ _________ ~1aterja l  
__________ ____________ Com~osite

La minate
Property/Cha racter is t ic  Boron! Kevlar/ Graphite/ Fiberglass! Al um inurr Configura-

_______________________________ 
Epoxy Epoxy Epoxy Epoxy 2024 -T3 t~ on

Tensile Strength (ksi) 95 92 r~ 
90 75

Fa i lu re (~
) 

A
Tensile Elongation to 5 2 1 2

Tensile MQdulu s 17.3 5.6 t 9.2 3.7 10.5 A
(psi x 10) 

~

-

~~

- p _____ ~1I~ _ _ _ _ _

Cor~presslon Strength (ksi) 166 29.5 90 75 40 A
_ _ _ _ _ _ _ _ _  _ _ _  

p 
_ _ _  _ _ _  _ _ _

440 760 8.237 AStrain Energy (In-lb/in 3) 261 
r 

756 [~c [c Tc -

Interlam lnar Shear Strength ; 13 ,000 4,500 13 ,000 7.500 40.000 A
Ind iv i dual ~‘inimum (psi) 

__________ _________ 
_______ f

~ 

(typicai[. (tyoicalf~
Shear Strength Perpendicular 96 28 38 30 40 I
to Laminate Pla ne (ks i ) 

-— 
p ftj j

~
- [~

j
~

Impact St~ength 40 150 20 275 
— 

220 A
(ft-lb/In ) 

~~ _ _  
[~1

Fracture T?u~
hne ss 23 22 14 73 B

(ksi - in ) P (2O24-T4)~~~
Transverse Compression 45 20 31 20 40 4
Strength (ks i )  p 

-~~~~ -~ -_____

Rarcol Hardness 40-100 40-45 50-55 70 120 0

_ _ _ _ _ _ _ _ _  _ _  
7 _ _ _  P B~neuJI__

Crack Propaaation 0 .033 .020 .054 .113
F = (1/ 2 ~ 2/E) / Kc [

~ ~~ ___________ __________ ___________ __________

Buc kling Tolerance 2,872 165 828 278 420 A
(E xa-~) _ _  if ___P Fi fE _ _  _ _ _ _

Bearing Strength (ksi) 145 40 130 47 114 A
_ _ _ _ _ _ _  r~i _ _  1~

- 
_ _  _ _  _ _

Laminate Configuration 
_________

A. 00/900 Crossply; .040 thick; 

i:i:ii-l 
Reference SourceV f 60% 

_______ T = Sikorsky Aircraft Test DataB. 00/900/±450 C Calculated Value
C. ± 45°

Table 34 lists the mechanical properties for core materials. Here a
typical density has been selected , and just as the properties of composites
vary with laminate configuration and thickness , some properties of the
core materials would change substantially if other densities were used .
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TABLE 34. PROPERTIES OF CORE MATERIALS

Material 
____________

Property/Characteristic Aluminu m Nomex Structural
____________________________________ 

Honeycomb Honeycomb Foam

Density (lb/ft 3) 

— — 

6 c...... 6

Compression Strength (psi) 680 825 r 6,000
Specific Compressive
Strength (inches) .066 f~ 

.079 11C 
- 

.099

Shear Strength (psi) 455 260 1,800

Elastic Limit (%) 0.3 1.4 2.3
_ _ _ _ _ _  

ri-i ii~ ri-~Yield Point (Yes/No) Yes No No

_________ 

Source Reference
C = Calculated Value

Basic mechanical properties were used in part to establish damage tolerance
ratings for aluminum , the three comonly used composite materials (fiber-
glass , Kevlar and graphite ) and the three con~ionly used core materials(aluminum honeycomb , Nomex honeycomb and structural foam). The properties
used as aids to developing damage tolerance ratings are given in Table 35.
The ratings are surnarized as an element of the R&M assessment technique
described later in this report.
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TABLE 35. DAMAGE TOLERANCE RATING FACTORS

Damage Tolerance Rating Factor

Damage Mode Composites /Aluminum Core Materials

Abrasion Barcol Hardness

Denting Yield Point Elastic Limit

Puncture Shear Strength Per-
pendicular to
Laminate

Del anii nation Interl ami nar
Shear Strength

Cracking Strain Energy Yield Point
Impact Strength (Yes/No)

Fastener Damage Bearing Strength

Crushing Compressive Specific
Strength Compressive

Strength

Buckling Buckling Tolerance

Design Factors

In addit ion to the mechanical properties of the materials , characteristics
of the design may affect damage susceptibilit y and damage tolerance , and
hence the reliabilit y of the structure in service . Table 36 describes the
key design factors having a potential effect on structural reliability ,
either positive or negative . Later in this report , these factors and
others are used to develop an R&M assessment technique for advanced
structures design concepts .
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TABLE 36. RELIABILITY DESIGN FACTORS

Design Factor Effect on Reliab ility

- . More flexible than sandwich;Monol i thic Sheet greater impact strength .

St i f fened Sheet Similar to monol i thic sheet.
Construction — _________________________________

Form Sandwich Facings thinner than equivalently loaded monolithic
panels; more easily punctured . Less impact re-
sistant than monolithic sheet. Bond failures may

I occur betwee n core and fac i ngs due to ove rstress or
impact.

Open Section Less stable than closed section forms : more vulner-
able to twisting or bucklin g type failures .

St iffe ner Hol low Co re C l osed sec ti on more sta b le than open sect ion; less
Form vulnerable to buckl ing or twisting type failures .

Foam Co re Simi l a r  to hol low core .

Co-cured Excellen t bond strength due to resin intermixing .

Method of Adhesive Bond Simple structural joint. Cleanliness and quality
Assembly control critical to achieving structural integrity .

Mechan ical May loosen and cause fretting or separation of
Fasteners jo i nt.

Double Curva ture! Sharp exposed radii may be vulnerable to impact.
Wrapped Surface

Contou r — — --____________________________________
Fla t Surface Least vulnerable to impact.

Access ibi l i t y Restr i cted Inab i l it y to in spect p ro perl y may a l low flaws or
damage to p rogress to adva nced stages .

Lightly Loaded Damage has minimal effect on structural integrity ;
adjacent structure supports load in event of
local ized damage. Most easily damaged due to light-
we i gh t construct ion.

Load In tens i ty -~~~~~~ —- —-_____ ____________

Moderatel y Loaded Structural  in te gri ty mo re ser iousl y affec ted by
damage .

Heav ily Loaded Any damage is critical.

In ter face Equ ipment moun ti ng Loc a l s tructure reinforcement fo r equ ipmen t adds to
Constraints provisions and cut- complexity ; introduces potential failure modes .

outs. Affected by loads existing in structure and intro-
duced at int erface .
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MAINTAINABILITY FACTORS IN COMPOSITE STRUCTURES DESIGN

DESIGN FACTORS

The mainta inability of an airframe structure is a measure of the ease with
which it can be inspected , repaire d , and if a separable part of the air-
frame , replaced . Although static in nature , ai rframe structures may possess
characteristics that tend either to enhance or degrade mainta i nability .
Some of these characteristics are generic to the type of structure while
others vary with the particular design. Table 37 enumerates the si gnifi-
cant design factors affecting maintainability and describes the nature of
these effects. Figures 33 through 36 illustrate key factors . The R&M
assessment techn ique presented later in this report incorporates an evalu-
ation of these design factors .

INSPECT I ON

Composite materials , unlike metals , do not yield under stress. Although
superior in str2n gth to metals in many applications , the stress—stra in
curve for composites is essentially a straight line to fracture . This
property , coupled with the laminated construction of composites , presents
problems for inspection. A metal structure subjected to overstress or
severe impact wi l l  normal ly exhibit visible damage at the surface in the
form of cracks , dents or structura l deformation of some type. This may
not be true for a composite structure . Because of its elasticity , a com-
posite subjected to impact will tend to resume its natural shape (unless
the impact is severe enough to cause fracture). The impact , while produc-
ing no surface damage , may create shear stresses large enough to cause
internal delamina tion. Although exhibiting no physical evidence of damage ,
the structure may have in fact begun to fail .

Presently, for the few composites now in service the primary method of
inspection is audio sonic (coin tapping). Even at ~he depots , where moreadvanced techniques such as ultrasonics are ava ila~ t 3 , coin tapping is the
method most preferred. In the course of the surveys conducted under this
program , depot personnel reported that ultrasonics is a more complicated
and time-consumin g method of inspection and that it generally produces
no better results . Because of their large cross sections , rotor blades
are the one component for which ultrasonic techniques have been found to
be more effective than coin tapping.

Although coin tapping is considered a reliable method todEy , its use has
been confined to the inspection of relatively simple , noncritical struc-
tures , primarily aluminum honeycomb panels which produce disti nctive dif-
ferences in sound in areas where voi ds or delaminat ions are present. Fu-
ture aircraft will contain highly loaded prima ry structures comprised of
thick l aminate buildu ps , and areas of these structures may be relati vely
inaccessible to ins pection. Coin tapping will probably not be an effective
method of inspection for such structures .
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TABLE 37. ‘~A I,,r .K INA BIL I TY DES IG~. FACTORS

~1~~ 
---- --- -

~~~~~~~~~
— — - _ _

fle pipr Facto r  E~~ ec pr ~a irt a i r ab i l~ t~

T Monol ith ic  Sheet P.epairabil ity good when both sides o’ oa~ el exposed .
~ell - es t

1 i
~ ”ed repair procedures .

Sti~
fered ~beet t- ’e s e r c e  of Ct~~~ferers makes ret- air rcre corile~ .Construct ion

Form Sand~
..ich Bond failures letw eer core and facings may ~e

df~ ficu lt to detect. °er~ ir alil ity generall y good :
dariaced core can he filled in ard patched over.
Absence of ccynrle x shapes and curvatures sirnrli ~ ie~-
re pair .

Ut-er Section Easiest tr repair lecause all surfaces are exrosed.

Stiffener Hollow Core Repair lim ited to esterral sur’~.ce~ because pf in—
accessibility to irte r iC r .

Foam Core May ~‘~ er s l i r.ht advant aoe over ~rl1oe core s ince
core rate r ial car 5€ f il (ed-ir to provide a rold
for cure- in-place reoa r .

Co—cured Joirt is ren- arert ; must Ic cut apa rt ‘or repair.

Adhesive Bond Absolute c lea r l i ness  required tr achieve good hood;
diffic ult to irm~lere’- t in field erv i rorr e r t .

Method of V er ifi c s t i cr o’ i nt e g r i t y  o~ re pa i r  di”icu lt under
As r er ily field conditions. Sortie adhesives require refrigera-

t ion aed have l imi ted shelf l i fe .  High ski l l  re-
gui red .

Mechanica l  Easie st type of joint to disassemble.
Fasteners Caution needed ir use of necharical ‘~steners ‘or

repair to avoid introducirg stress c o t  c e r t ra t i o r s
and to avoid ircor no at ibi li t y of r’ater :als (aluminum
and graphite for example).

Double Curvature Ma~er~a~ must be stretC h ed or shrurk to cor ’orr to 3—
dimensional sur faces;  snecial molds rec ui red .  Labor
to laminate contoured rar ts related to amount o~
curvature .

Con tou r
Wrapped Surface Less d i f f icul t  to laminate than double curvature :

mold required. 
___________

Flat Surface Easiest to repair; no molds required .

Access ib i l i t y  Restr icted Poor access ib i l i t y  impedes i nc rec t i on . Pest r ic te d
access impedes on—aircra ft repairs ; limits the use
of equipment; increases the probabil ity of fau lt i
repair; adds to repair time .

Lightly Loaded Ouality of repair less critical than more heavily
loaded structures: visual inspecti on of repair
adequate .

Load IntensIty Moderate ’y Loaded quality of repair is important ; verification of
integrity via ron-destruct ive inspection technioues
may in necessary.

Heavily Loaded fluality of ret - air is critical : usua(ly requires re—
placement or custom-eng ineered repair. Ver i f ica t ion
of integrity via non-destructive inspection techn iques
will he necessary .

In terf ace Equipmen t mountino Requirements for eq u i r ie rt  interch~ nqe a h i l i t y  m or se
tnns~ ra ints  provisions and cut- d i r e rc i o n a l  constraints on repair (flush sur ’ace s for

outs. exar rie )
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FLAT SURFACE EAS IEST TO REPAIR. MOLD

~~~~~~~ 

WRAP SURFACE. MOLD REQUIRED
_____ TO LAMII.4ATE PATCH .

MOLD ~~~~~

COMPOUND CURVAT URE. MOST DIFFICULT
REPAIR.M ATER IAL $ MUST BE LAID UP IN STRIPS.

Figure 33. Effect of Contour on Repair
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S T R U C T U R A L  I N T E G R I T Y

~~~~~~~~
I I I~°r~7 I STANDARD

LIGHTLY LOADED STRUCT!JP REPAI R

M0DERAT: LOADED

STRUCTURE

C O M P L E X
CRIf l OAL

~~~~ —~
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H E A V I L Y
LOADED
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HEAVILY LOADED STRUCTURE

Figure 34. Effect of Load Intensity on Repair
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AuTO cLA V E

IDEAL REPAIR ENVIRONMENT

/~~~~~~~~~~~~~~~~~~~~~~~~~

‘K

DAMAGED FRAME

CONSTRAINED AREA REPAIR

Figure 35. Effect of Accessibility on Repair
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